An overview of the recent developments in functional dyes, which are useful for hi-tech applications for those based on optoelectronics, such as dye sensitized solar cells, photochromic dyes and biomedical applications, such as photodynamic therapy for the treatment of cancer and fluorescent sensors is presented.
Introduction
Functional dye term appeared for the first time in 1981 by Japanese scholars [1] . This new term has come out of renewed interest and activity in the field of dye chemistry closely related with high-technology (hi-tech) applications different from the well-know traditional applications.
Hi-tech applications based on optoelectronics, such as dye sensitized solar cells, photochromic materials, liquid crystal displays, and the newer emissive displays such as organic light emitting devices; electronic materials, such as organic semiconductors; imaging technologies, such as electrophotography (photocopying and laser printing), thermal printing, and especially ink-jet printing; "invisible" imaging by using infrared absorbers in optical data storage, computer-to-plate and security printing; biotechnology as dye-affinity chromatography for the purification of proteins and enzymes; biomedical applications, such as fluorescent sensors and anticancer treatments such as photodynamic therapy, created the need for novel dyes to meet new and demanding criteria.
Dyes, and related ultraviolet and particularly infrared active molecules, which have been specifically designed for these hi-tech applications, are generally called functional dyes.
Aim of the Article
The present state of the art article attempts to provide an overview of the recent developments in functional dyes. Emphasis will be paid to the recent design of dye molecules, which are useful for hi-tech applications for those based on optoelectronics, such as dye-sensitized solar cells (DSCs), photochromic dyes, and biomedical applications, such as photodynamic therapy (PDT) for the treatment of cancer and fluorescent sensors.
Optoelectronic Applications

Solar Cells.
The forecasts for the next 50 years predict that human energy needs are likely to double while fossil energy reserves are shrinking. At the same time, on earth, per year, plants and bacteria capture and convert light into a quantity of biological material greater than 100 times the food needed for mankind [2] .
The natural light harvesting systems of plants and photosynthetic bacteria are one of the most fascinating functional molecular assemblies, which inspired many scientists for mimicking such process to harvest the solar energy. The first requirement for a light-harvesting system is, of course, its capacity to absorb light. If the system has to be used for 
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E n e r g y t r a n s f e r Figure 1 : Schematic representation of an artificial antenna for light harvesting. Absorption of light by an array of chromophores is followed by vectorial energy transfer that leads excitation energy to a reaction center indicated by P.
artificial solar energy conversion, the absorption spectrum of its components should cover a substantial part of the visible spectral region. Another essential property of the light-absorbing units of an antenna system is their chemical and photochemical stability. As schematized in Figure 1 , in an antenna system the excitation energy must be delivered to a common acceptor component. This implies the occurrence of a sequence of energy transfer steps along predetermined directions [3] [4] [5] [6] . The conversion of sunlight into electricity is a clean, abundant, and renewable energy source. The efficiency of conventional solar cells, or photovoltaic devices, made from inorganic materials reached up to 24% [7] , using very expensive materials of high purity and energy intensive processing techniques.
New ways of manufacturing solar cells that can scale up to large volumes and low cost are required. In this interest a new generation of solar cells called dye-sensitized solar cells (DSCs) has been reported in 1991 by O'Regan and Grätzel [8] . In contrast to conventional systems, in which the semiconductor assumes both the task of light absorption and charge carrier transport, the two functions are separated in DSCs [9] .
A dye-sensitized solar cell of Grätzel type [8, 10, 11] shown Figure 2 typically consists of a dye-adsorbed nanoporous TiO 2 film prepared on transparent conductive oxide, such as conductive glass. The film is immersed in an electrolyte containing a redox couple and placed on a platinum counter electrode. After absorption of a photon, the excited electron within the sensitizer molecule is transferred to the conduction band of TiO 2 and diffuses through the porous TiO 2 network to the contact. The oxidized sensitizer molecule is reduced to the original state by supply of electrons through a liquid electrolyte redox couple within the pores.
Mechanism of DSC.
Light absorption is performed by a monolayer of dye (D) adsorbed chemically at the semiconductor surface and excited by a photon of light (1). After having been excited (D * ) by a photon of light, the dye-usually a transition metal complex whose molecular properties are specifically for the task-is able to transfer an electron to the semiconductor (TiO 2 ) by the injection process (2) . The efficiency of a DSC in the process for energy conversion depends on the relative energy levels and the kinetics of electron transfer processes at the liquid junction of the sensitized semiconductor/electrolyte interface.
For efficient operation of the cell, the rate of electron injection must be faster than the decay of the dye-excited state. Also, the rate of reduction of the oxidized sensitizer (dye cation) by the electron donor in the electrolyte (4) must be higher than the rate of back reaction of the injected electrons with the dye cation (3), as well as the rate of reaction of injected electrons with the electron acceptor in the electrolyte (5) [12] :
Structure Design of Sensitizers.
Dye sensitizers serve as the solar energy absorber in DSC, whose proprieties will have much effect on the light harvesting efficiency and the overall photoelectric conversion efficiency. The ideal sensitizer for DSCs should absorb all light below a threshold wavelength of about 920 nm. In addition, it should be firmly grafted to the semiconductor oxide surface and inject electrons to the conduction band with a quantum yield of unity. Its redox potential should be sufficiently high that it can be regenerated rapidly via electron donation from the electrolyte or a hole conductor. Finally, it should be stable enough to sustain at least 10 8 redox turnovers under illumination corresponding to about 20 years of exposure to natural light [13] . The sensitizers used in DSC were divided into two types: organic and inorganic dyes according to the structure. Inorganic dyes include metal complex, such as polypyridyl complexes of ruthenium and osmium, metal porphyrin, phthalocyanine, and inorganic quantum dots, while organic dye includes natural and synthetic organic dyes. To date, DSCs with Ru bipyridyl complexes (N3 and N719) and the black ruthenium dye (Figure 3 ) as photosensitizers have achieved power conversion efficiencies up to 11.2% and 10.4%, respectively [14, 15] , compared to just 1% ten years ago [16] .
However, the noble metal Ru is a limited resource and is expensive. In order to obtain even cheaper photosensitizer for DSCs, metal-free organic photosensitizers are strongly desired. Metal-free organic dyes offer superior molar extinction coefficients, low cost, and a diversity of molecular structures. Recently, novel photosensitizers such as coumarin [17], merocyanine [18] , cyanine [19] , indoline [20] , hemicyanine [21] , triphenylamine [22] [23] [24] [25] , dialkylaniline [26] , bis(dimethylfluorenyl) aminophenyl [27, 28] , phenothiazine [29] , tetrahydroquinoline [30] , and carbazole [31] based dyes have achieved solar-to-electrical power conversion efficiencies up to 5%-9%.
For a higher photovoltage and higher conversion efficiency, the charge recombination process at the interface should be retarded [32] [33] [34] [35] . The recombination of the injected conduction-band electrons with the oxidized dye molecules and the redox species in the electrolyte are two possible recombination pathways. It has been confirmed that the charge recombination process can be retarded by a larger physical separation of the dye cation state from the surface of nanocrystallite film [36, 37] .
An efficient dye is usually designed to be of donorconjugated bridge-acceptor structure called donor-acceptor architecture. Most dye molecules have only one donor group [17, [27] [28] [29] [30] , and interest is growing to design dyes containing two electron-donating groups [24, 25, [38] [39] [40] [41] [42] , as shown in Figure 4 . The presence of two electron donating groups in the dye molecule would lead to lowering the LUMO energy level and thus enhance the rate of electron injection from the excited dye molecules to the conduction band of the TiO 2 film when compared with only one donating group (plus other advantages, see below).
The structural design of the dyes 1-8 is shown in Figure 4 . The dye molecules are composed of three parts: (1) one or two donating groups to enhance the electrondonating ability and effectively inhibit I − 3 from approaching the surface of nanocrystallite TiO 2 film by the formation of a denser dye layer at the surface of the TiO 2 film, (2) an oligothiophene or conjugated bridge or polyene to tune the absorption spectra of the dye molecules by changing the length of conjugation, and (3) a cyanoacrylic acid to act as the acceptor and the anchoring group to fix the dye onto the surface of semiconductor film electrode.
Light stability of organic dye sensitizers is another factor to be considered in the structural design of the dye molecules, since the main disadvantage of organic dye sensitizers in comparison with inorganic ones is their stability, which is generally lower than that of metal complexes, because of side reactions such as formation of excited triplet states and unstable radicals. In this interest, the design features indicated in dye 3 have shown high light stability [40] .
It has been reported that dye aggregation on the semiconductor surface is the main factor in decreasing the efficiency of sensitized photocurrent generation [43] . Therefore, one has to consider this factor in the structural design of the dye. This design is implemented in dyes 1-8 as they contain diphenylaniline or diarylaniline moiety which is nonplanar and would suppress aggregation due to the disturbance of the π-π stacking [44, 45] . Introducing bulky groups in the chromogen of the dye would decrease dye aggregation; for example, 3,5-di-tert-butylphenyl groups were introduced at the meso positions of the porphyrin ring as shown in Figure 5 [46] .
Unlike artificial dyes, the natural ones are available, easy to prepare, low in cost, nontoxic, and environmentally and fully biodegradable. In this interest the use of anthocyanins such as cyanin dye ( Figure 6 ) for DScs has been reported [47, 48] .
The structure of the dye has the design needed for DSCs as it has two othro hydroxyl groups as donors in conjugation with oxonium moiety. This feature would lead to the formation of orthoquinoide form upon anchoring onto TiO 2 nanoparticles (Figure 7 ). However, much work is needed to enhance the efficiency of solar energy conversion for this kind of natural dyes.
Photochromic Dyes
Mechanism of Photochromism.
Photochromism refers to a reversible phototransformation of a chemical species between two forms having different absorption spectra [49] . Thus, photochromic molecules can be regarded as photochromic switches as they can exist in two forms of different spectral properties.
An important class of organic photochromes at the present time is the spiropyrans and the closely related spirooxazines. As shown in Figure 8 , UV irradiation of the colorless photochromic results in the electrocyclic ring opening of the pyran or oxazine moiety via the cleavage of the C(sp3)-O bond. This produces a distribution of isomeric open forms (merocyanines) that are intensely colored because of their extended conjugation and quasiplanar conformations.
Another promising family of photochromic compounds is provided by the synthetic flavylium salts, benzopyrylium derivatives, which have the same basic structure as anthocyanins mentioned above. Photochromism based on flavylium systems arises from the photoinduced trans-cis isomerization reaction that produces cis form, which undergoes ring closure to form the flavylium form ( Figure 9 ). The structural feature of this type photochromes reveals that they are pH sensitive and their photochromisms are affected by the medium in which they are used. Therefore, flavylium photochromes are considered as good probes for assessing changes in the polymer microenvironment, such micelles and gels [50] . optical information carriers and information processing rates makes urgent the development of new lightsensitive media for use in super high-capacity optical memory. Compared to the thermal principle of data recording on modern optical disks, the photochemical principle of optical data recording on photochromic multilayer optical disks can be expected to ensure a higher density of data recorded on the pico-or femtosecond scale.
Structure Design of Photochromic
Therefore, photonic devices that incorporate photochromic molecules represent the future of digital optical storage where the recording of information is an all photomode recording method that allows the read, write, and erase functions to be controlled by light energy [49, [51] [52] [53] [54] [55] [56] [57] . In photomode recording, light characteristics such as wavelength, polarization, and phase can be multiplexed to enable data storage and potentially increases the memory density [58] [59] [60] [61] [62] [63] .
One promising approach is the development of photochromic materials. These materials can interconvert between two distinct isomeric states when stimulated by two different wavelengths of light, where each isomer of the photochromic materials can represent "0" and "1" of a digital mode. Molecules with this behavior are the best promising candidate optical storage materials as opposed to heatmode recording employed with the optical media currently in use.
The most well-known organic photochromic switches are based on the ring opening/ring closure reactions in photoinduced electrocyclic reactions. There are six main groups of compounds that have found numerous applications as switching molecules: dihydroazulenes and vinylheptafulvenes [64, 65] , diarylethenes [55, 66] , spiropyrans [63] , spiroxazines [63, 67, 68] , naphthopyrans [69] , dihydropyrenes [70] , fulgides, fulgimides, and related compounds [71] ( Figure 10 ).
There are many other examples of photoswitchable compounds, but these six classes of compounds are the most widely studied ones. Photoswitching of all of them involves International Journal of Photoenergy International Journal of Photoenergy reversible formation and opening of rings, and closedring forms of naphthopyrans, spiropyrans, spiroxazines, and fulgides are colorless, while the opened forms are strongly colored; in the case of diarylethenes and vinylheptafulvenes, the opened forms are colorless, and the closed forms are strongly colored. Many molecules have been designed to achieve thermal stability, and they prospectively can be applied in molecular memories as optical storage materials. However, numerous molecules undergo thermal back reactions. This process is disadvantageous from the point of view of long-term information storage, but for shortterm storage and modeling of logic gates, it does not constitute any obstacle [72] . While modifications of the existing photochromes may still generate compounds with unprecedented properties, development of new classes of organic photochromic dyes with novel molecular scaffolds as suitable materials for aforementioned applications remains desired [73] [74] [75] . It has been reported that photochromic compounds suitable for photonic applications must meet the following requirements: high cross section for two-photon absorption, high efficiency of photochromic transformations, thermal stability and fatigue resistance to irreversible photo-and thermoinduced transformations of both forms (colorless and colored), and nondestructive readout by any suitable method (via fluorescence, refraction, reflection, polarization, etc.) [76] . Ongoing efforts in this area have focused on increasing the thermal stability of photochromic dyes by mainly two ways, one designing new dye molecules with structural features to fit the necessary criteria mentioned above, and the second is by incorporating the dye molecules in a rigid matrix. It has been reported that organic photochromic compounds which exhibits valent isomerization such as diarylethenes have the above requirements to an utmost extent [55, 77] . Recently, some new dyes based on diarylenes have been reported [78, 79] , as represented above in Figure 10 .
On the other hand, the inclusion of photochromic molecules such as naphthopyrans in a rigid matrix of poly(nbutyl acrylate) gives markedly improved photochromic performance in coloration and decoloration rates as well as greater optical density in the colored state when in a rigid crosslinked host matrix. In addition, placement of the dye in the middle of a polymer provided greater improvement than at the end [80] . Similarly, an optical data storage materials based on photochromic hydrogel of spironaphthoxazine was developed to show all photomode recording, as shown in Figure 11 [81] .
Smart Textiles.
Photochromic dyes, such as spirooxazines, are disperse dyes. Structurally, there are similarities with traditional disperse dyes for textiles in that they are small-to medium-size neutral molecules with a balance of hydrophilic and hydrophobic character. The major difference, however, is that they are nonplanar in their ring-closed form because the two ring systems of the molecules are connected through a spiro linkage (sp 3 carbon) so that they are orthogonal to one another.
Since the color change of these organic photochromic dyes is triggered by UV light, these dyes also have a UV protection function. Hence, applying photochromic dyes to a fabric can impart to the fabric, enhanced UV protection, smart fashion effects, functional effects such as camouflage, security printing, and for use in "smart" textile applications in general. In this prospective, recent research activity is growing for the application of photochromic compounds on textiles [82, 83] .
The application of spirooxazines on polyamide fibers by exhaustion method at high temperature has been reported. However, the exhaustion percentage values of spiroxazine dyes were very low [84] . This exhaustion behavior was attributed to the low diffusional power of spiroxazine dyes within the higher crystalline structure of fiber molecules and the weak attractive forces between dyes and substrates. The observed results indicate that the dye exhaustion of spiroxazine dyeings which increased with increasing application temperatures was attributed to the higher kinetic energy of the spiroxazine molecules, the greater diffusional power within the polymer substrates, and the higher fiber swelling effect. In this context, it is thought that in terms of exhaustion temperature, the adsorption behavior of spiroxazine on polyamide substrates is following a similar dyeing mechanism as commercial nonionic dyes, which involved a highpressure and a high-temperature dyeing system. The result of dye exhaustion within the fiber molecules can be also supported from the photographs of the photochromism of the dyed substrates, as shon in Figure 12 . These photographs were very useful to determine the spiroxazine penetration within the substrates and to confirm the photochromic reaction.
In an attempt to increase the exhaustion percentage and to better have wash fastness, disperse-reactive spirooxazine dyes containing dichlorotriazine were used for dyeing polyamide fabrics ( Figure 13 ). Although successful fixation was observed, yet the exhaustion percentage remains very low [85] .
Conventionally dyed photochromic fabric suffers from less dye uptake and low photochromic performance as a consequence of the rigid polymer matrix physically restricts the photochromic transformation. On the other hand, surface coating of photochromic microcapsules imparts a relatively harsh handle to the coated fabric.
Therefore, Sol-gel technique is thus the choice as it provides nanosized pores which can provide free space for photochromic transformations. In this interest, a thin film coating onto wool fabrics with spirooxazine photochromic dyes encapsulated in silica nanoparticles by sol-gel method resulted in better photochromic performance, good durability, and minimal influence on the fabric handle [86] . the eradication of localised bacterial infections [89] . The photodynamic action arises from the combined use of a photosensitiser and a light dose; independently, each of these components is harmless. The dual selectivity of the treatment is achieved through preferential uptake of the photosensitiser by diseased tissues and by controlled delivery of the light [90] .
Biomedical Applications and
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Photosensitizers, Design, and Mechanism.
Dyes and pigments selectively absorb or transmit/reflect wavelengths of visible light and thus allow the perception of color in everyday life. In terms of light absorption, this depends on electronic transitions within the dye chromophore; thus certain dye types may only absorb specified wavelengths of light, depending on the relative dispositions of the electronic singlet ground and excited state energy levels. Promoted electrons generally revert to the ground state via a mixture of nonradiative processes. Those which do not follow this route include fluorescent and phosphorescent dyes which lose energy, in part, by light emission and photosensitizing dyes which can use the excitational energy for reaction. Electronically, the main difference between photosensitiser molecules and other dye types is that the absorbed light energy can be passed on efficiently to other molecules in the vicinity or be utilised for photochemical reaction. The electronically excited photosensitizer molecule (singlet excited state) is relatively stable and can undergo an electronic rearrangement (to the excited triplet state, 3Ps * ) (Figure 14 ).
Excitational energy transfer from the triplet state to other molecules facilitates photodynamic action through two types. Type I photosensitization involves direct interaction of the excited triplet state of the photosensitiser with adjacent molecules allowing electron transfer or hydrogen abstraction and the formation of reactive/radical species, for example, hydrogen peroxide, hydroxyl radicals, hydroperoxides and superoxide. Type II photosensitization involves direct transfer of the excitational energy from the triplet-excited state to ground state oxygen causes the formation of a highly reactive species, singlet oxygen ( Figure 14) . The formation of highly labile singlet oxygen within a cellular environment leads to non-specific oxidative reactions over a very short timescale; singlet oxygen will decay to the nontoxic ground state (triplet oxygen) within microseconds.
Photosensitizer action thus is aided by a relatively long-lived singlet excited state, since this is required for intersystem crossing to occur and populate the triplet excited state. However, this must also be sufficiently stable to allow type I reaction (electron transfer to the environment) or type II reaction (energy transfer to the triplet oxygen) rather than photodecaying via phosphorescence ( Figure 14) .
The quantity of singlet oxygen generated by a photosensitizer in type II is regulated by the efficiency of a spin-forbidden electronic transition from a singlet to a triplet state (ISC). Chemically this entails the inclusion in the chromophoric moiety of heavy atoms and is normally achieved by the substitution of chromophoric protons by lower group halogens (usually bromine or iodine) or lower group replacement of heteroatoms (e.g., sulphur for oxygen, selenium for sulphur, etc.). The introduction of a heavy atom into a molecule is known to have an influence over the rates of the ISC and is termed the heavy-atom effect [91] [92] [93] .
On the other hand, it would be advantageous to have control over absorbance wavelength, as it could be envisaged that different tissue types would require different excitation wavelengths dependent upon tissue location (deep-seated tumors versus skin lesions), size, density, and pigmentation. The depth of light penetration through tissue is directly related to wavelength [94] .
The depth that light penetrates into tissue is dependent upon the optical properties of the tissue and the wavelength of the light. At wavelengths longer than 900 nm water starts to absorb, whereas at wavelengths less than 700 nm scattering by macromolecules is significant, and absorption by endogenous chromophores, such as haemoglobin, becomes dominant at wavelengths below 650 nm [95, 96] . The ideal drug is one which can be activated at wavelengths in the near infrared region, called the "therapeutic window" (700-950 nm), where the absorbance of biological tissues is minimal [96] [97] [98] [99] . Wavelengths beyond 600 nm are used to excite clinical porphyrin-based PDT photosensitisers such as Photofrin (630 nm) or verteporfin (690 nm) ( Figure 15 ) [100] [101] [102] . Photofrin was the first and at the present time remains the most common, clinically used PDT agent. Although it has been approved for use in the United States, Canada, Japan, and Europe for the treatment of esophageal, endobroncheal, bladder, lung, stomach, cervical, and skin cancers [89] , it is widely recognized that it is far from being an ideal drug for use in PDT [103] . The investigation of porphyrin photosensitizers for the development of novel PDT agents has been extensive. Recently, some new hydrophilic conjugated porphyrin dimmers absorbed at λmax 700-800 nm have been reported [104] .
Cyanine Dyes for PDT.
Several inconvenients have been appeared over the last years upon using different photosensitizers as a PDT, and these may be due to the poor quantum yield of singlet oxygen generation, the weak absorption in the therapeutic window (700-950 nm), where optimal penetration of light into tissue is afforded, and/or the incompatibility of photosensitizer with patients cells.
Cyanine dyes have strong absorption (ε >10 5 M −1 cm −1 ) and can be tuned by structure variations to absorb at wavelengths in the near infrared region at the so-called phototherapeutic window of PDT. Hence, cyanine as cationic sensitizers for PDT seems to be a promising solution for the above mentioned inconvenients.
Cyanine dyes consist of two heterocyclic nuclei containing nitrogen centers linked through an odd number of methine bonds, which are normally in the trans conuration, in such a way that resonance occurs through the conjugated system between the tertiary and quaternary nitrogen atoms. The carbon atoms of the methine groups may be attached to groups other than hydrogen, or may be part of carbocyclic or heterocyclic ring systems. Certain cyanine dyes such as merocyanines and ketocyanines have been studied extensively as potential photosensitizers for photodynamic therapy PDT [105] [106] [107] and as radiation sensitizers [108] for solid tumor treatment.
In this respect, the chemical structure of merocyanine MC540 (Figure 16 ) is appealing to the medicinal chemist as it offers much scope for functionalisation. Thus, ring heteroatom exchange for one of higher atomic number (e.g., oxygen for sulphur) unsurprisingly leads to increased singlet oxygen yields [109] . The use of heavy atoms also stabilises the polymethine chain to photoisomerisation (a major deactivation pathway) [107] . As expected, varying the N-alkyl side-chains in MC540 facilitates changes in the lipophilicity of the system [110] . In addition, lengthening the polymethine chain allows significant bathochromic shifts to be obtained.
Cyanine photosensitisers such as Indocyanine Green ( Figure 17) . exhibit long wavelength absorption in the 770 nm region [91] .
The investigation of cyanine photosensitizers for the development of novel PDT agents has been growing. Recently, some new azo-cyanine (delocalized cationic azo dyes, as shown in Figure 18 ) with strong molar absorptivity around 700 nm and negative solvatochromism has been reported [111] .
It has been reported that the substitution of one of the oxygen atoms of the central four member ring with amino group enhanced the production of singlet oxygen [112] . In this interest, several squarylium cyanine dyes derived from benzothiazole, benzoselenazole, and quinoline were synthesised and the central four-member ring is functionalized by substitution of one of the oxygen atoms by benzylamine, aniline, 3-iodoaniline, N,N-dimethylhydrazine and 2-aminosulfonic acid groups ( Figure 19) . All of the ensuing, novel aza-substituted dyes displayed strong absorption within the range 651-709 nm [113] . molecular targets and events in vitro and increasingly in vivo [114] [115] [116] . As a consequence, an increasingly large number of fluorescent sensors, available in different colors, are required [117] . A fluorescence-based technique for sensor applications offers significant advantages over other techniques due to its generally nondestructive character, high sensitivity, International Journal of Photoenergy and specificity. Chemosensors are molecules or molecular systems changing their optical or electrical properties upon interaction with small anions, cations, or neutral molecules.
Fluorescent Sensor, Design, and Mechanism.
Chemically driven molecular switches usually molecules comprise three main building blocks: receptor moiety, linker (spacer), and the reporter moiety. Receptor moieties are specially designed binding sites for triggering ions or molecules. They should exhibit desirable selectivity and sensitivity toward selected triggers. The linker, in turn, should provide electronic communication between the receptor and reported moieties.
There are three main ways of providing sufficient electronic communication: (i) bridge providing overlap of π-systems of both moieties, (ii) short σ-spacer enabling photoinduced electron transfer, or (iii) arrangement of receptor and reporter using some supramolecular interactions providing perturbation of electronic structure of the reported moiety [118] .
The most chemical switches with optical readout are usually based on the following photophysical phenomena: photoinduced electron transfer (PET) and photoinduced charge transfer (PCT).
Photoinduced Electron Transfer (PET).
The principle of the PET-based chemical switch is shown in Figure 20 . In most cases, the switch consists of a receptor, which selectively and reversibly binds a trigger, a fluorophore that provides optical communication between the switch and the environment, and a linker [117] that binds both components together and provides electronic communication between the receptor and the fluorophore (or chromophore) if the process is thermodynamically and kinetically feasible [119] .
Importantly, the rate of electron transfer is much faster than the luminescence when PET is thermodynamically allowed (Figure 20(a) ), and the luminescence of the fluorophore moiety is then quenched. Binding of the trigger to the receptor drastically alters the thermodynamics to the endoergonic situation (Figure 20(b) ), and luminescence is not quenched any longer.
PET-based luminescent switches may be triggered by various chemical and physical stimuli: protons, metal cations, anions, neutral organic molecules, and even nanoparticles. Depending on the desired spectral properties and lifetime of the fluorescent switch, the molecular assembly may include various organic (anthracene, pyrene, naphthalimides, pyromellitimide, coumarins, fluoresceins, pyrazolobenzothiazoles, and diphenylpyrazoles) or inorganic fluorophores (polypyridine RuII complexes and lanthanide complexes) [119, 120] . Selectivity and sensitivity of the chemosensors are controlled in turn by careful design of the receptor part. The large diversity of possible organic ligands enables designing of the sensors suited for particular applications. In the simplest case, the change of the energetics of the system is caused by electrostatic and electronic interactions between the receptor and the substrate.
If the trigger ion is an open shell transition metal ion, the quenching occurs upon binding as PET involves the d orbitals of the metal center. Although most of the PET switches are triggered by protons or closed shell cations work in OFF/ON fashion (i.e., fluorescence is switched on upon binding of the trigger), careful design of the receptorfluorophore systems also gave the ON/OFF switch, as shown in Figure 21 .
Two anthracene-based switches show this phenomenon. Tertiary aliphatic amines are efficient quenchers of anthracene emission, upon the protonation of which the fluorescence is observed, as in the case of molecule SWITCH-1. Exchange of the aliphatic amine for pyridine moiety yields the ON/OFF switch: protonated amine becomes an efficient quencher (SWITCH-2) [121] .
The fluorescence can also be easily switched on with lithium and other alkali metal cations (SWITCH-3) [122] . Combination of p-toluenesulfonamido-quinoline with azacrown yields a very good switch responding selectively to Zn 2+ cations (SWITCH-4) [123] . On the same principle, a PET-based switch activated with Cd 2+ was constructed from the anthracene fluorophore bearing two aminoacid side arms (SWITCH-5) [124] . The opposite effect (ON/OFF switching on ion binding) was observed in the case of the fluorescent switch based on quinacridone skeleton with two diamine pendant arms (SWITCH-6) [125] . The arms have long saturated flexible chains, and the amino groups are far away from the fluorophore. Coordination of metal ions (Cu 2+ , Hg 2+ , Zn 2+ , Co 2+ , and Ni 2+ ) changes the geometry of the pendant arms, the metal ion localizes in close proximity of the central aromatic ring, and fluorescence is quenched due to photoinduced energy and/or electron transfer. A similar effect was observed in the case of the anthracene fluorophore linked via the amido bond with all-cis-2,4,6-triamino-1,3,5-trihydroxycyclohexane (SWITCH-7) [126] .
Extremely Furthermore, its fluorescence can be switched on upon interaction with various molecules and particles. Reaction with aldehydes or attachment to TiO 2 nanoparticles activates the fluorescence [127] .
Photoinduced Charge Transfer (PCT).
Another large category of chemically driven optical switches encompasses the PCT systems. The principle of the PCT-based chemical switch is shown in Figure 22 . In contrast to PET-based switches, the receptor and fluorophore (chromophore) moieties are connected in a way that provides extensive orbital delocalization between these two parts. One end of such a molecule is electron rich, while the other is electron poor; upon interaction with the environment, the electron distribution may significantly change, thus changing the optical properties of the switch.
In such push-pull systems, excitation leads to redistribution of electron density and generation of dipole moment. If the receptor binds a charged trigger species, the additional charge interacts with the photogenerated dipole, thus modifying the fluorescence spectrum. Repulsive interaction results in the hypsochromic shift (Figure 22(a) ) of absorption and emission bands, while attraction results in bathochromic shift (Figure 22(b) ). As shown in Figures 20  and 21 PET switches are not a donor-π-acceptor and mainly composed of fluorophore, spacer, and receptor whereas PCT switches are receptor/fluorophore in a donor-π-acceptor system, as shown in Figures 22 and 23 . Therefore, the main advantage of PCT switches over PET switches consists in the possibility of usage of several wavelengths to analyze the state of the switch due to the color change upon cation sensing. PCT-based switches can be derived from well-known pH colorimetric indicators [128] . Very recently, similar systems, based on donor-acceptor-donor systems, as Hg 2+ ion driven molecular switches have been reported [129, 130] . These switches ( Figure 23 ) bear central acceptor moieties: 1,8-naphthyridine (SWITCH-9) or squaraine coupled with two identical donor fragments: 1,4-dioxa-7,13-dithia-10 azacyclopentadecane (SWITCH-10).
The naphthyridine-based SWITCH-9 shows a strong absorption band at 450 nm. Binding of one mercury equivalent increases the asymmetry of electron distribution within the molecule, which in turn results in the bathochromic shift of the lowest energy absorption band. Binding of the second mercury ion results in turn in a hypsochromic shift of the low-energy band due to interaction of bound cations with photoinduced dipole moments. This switch, due to low binding constant, requires high concentrations of triggering cation [129] .
Dithiazacrown receptors are characterized by a very high affinity toward mercury ions, and even very low concentrations are sufficient to trigger optical changes of the squaraine-based switch (SWITCH-10). Binding of Hg 2+ ions results in a gigantic hypsochromic shift from 650 to 285 nm [130] . speed, good repetitiveness, low dosage, and nonradiation [131] .
Determination of nucleic acids is required in many fields, such as molecular biology, biotechnology, and medical diagnosis. As mentioned above fluorescence-based technique for the detection of nucleic acids offers significant advantages over other techniques due to its high sensitivity and specificity. Nucleic acids by themselves are nonfluorescent and thus they need to be bound with certain fluorescent probes such as cyanine dyes. Due to their excellent staining properties, cyanine dyes have been utilized in biological applications such as the detection of DNA [132] [133] [134] [135] [136] [137] [138] . The main advantage of these dyes is that they become strongly fluorescent after binding with nucleic acids [139, 140] . Two possible types of interaction with nucleic acids, intercalation, and electrostatic binding have been proposed [141] . This huge enhancement in fluorescence is believed to originate from the loss of mobility around the methine bridge between the two heterocyclic moieties [142] .
Cyanine pH Sensor.
The excitation and emission spectra of cyanine fluorescent sensors span the visible and NIR spectra from 450 nm, where autofluorescence from biomolecules is greatly reduced, up to 800 nm. Biochemical processes frequently involve protonation and deprotonation of biomolecules with concomitant changes in the pH of the medium. Consequently, there has been an increase in the use of pH-sensitive fluorescent probes for intracellular studies [143] . In this interest, the use of cyanine dyes as fluorescent pH sensor has been growing [144] [145] [146] .
Recently, new cyanine fluorescent pH sensors have been reported [147] . The result indicated that these dyes are suitable for biological applications as they are sensitive to the changes of the intracellular pH range (6) (7) (8) . It was suggested that the intense cyanine dye absorption and emission properties were largely due to the resonance effect between the two nitrogen atoms of the two indole rings via the conjugated polymethine bridge; abstraction of a proton from this system destroyed this resonance and subsequently leaded to the nonfluorescent base form (Figure 24 ).
Conclusions and Perspectives
(1) The natural light harvesting complexes of plants are one of the most fascinating functional molecular assemblies.
Scientists are yet to challenge and to mimic the nature in harvesting the solar energy. As we have seen, solar energy conversion using DSCs is possible; however future research work in this field is required to better have the suitable molecular design of sensitizers.
(2) The investigations presented in this review clearly indicate that information processing at the molecular level is possible using photochromic dyes and remained to be developed in the thermal stability of the photochromes so as to have all light responsive function.
(3) The use of photochromic dyes in the coloration of textile is in its fancy stage and it is anticipated that this trend in combination with nanotechnology will get more effective in the production of smart textiles.
(4) Also, some success in the field of photodynamic therapy has been made using functional dyes and future development is needed to design photosenitizers able to selectively interact with the tissue and with high productivity of singlet oxygen.
(5) Last but not least, known small-molecule fluorophores have a wide range of spectral and chemical properties. Elaboration of these core structures has provided numerous sensors for analytes and for assaying biological systems. Nonetheless, extraordinary opportunities remain, because delving deeper into biochemical and biological phenomena will require ever more sophisticated and tailored sensors.
